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•  ABSTRACT 

* 

Linearized  cavity  flow  theory  is  used  to 
determine  the  shape  and  drag  of  a  series  of  base, 
vented  stz*ut  sections  having  a  prescribed  chord<^ 
wise  pressure  distribution.  Stagnation  pressure 
at  the  nose  of  the  stirut  is  generated  by  two 

*  methods:  (1)  a  flat  plate  normal  to  the  flow  at 

zero  Cavitation  number^  and  (2)  a  parabollc^type 
nose  singularity.  The  chordwise  pressure  dlstrl*- 
butlons  were  specified  in  the  "equivalent  airfoil 
plane"  to  be  either  in  the  form  of  a  sine  series 
or  a  symmetrical  flat  "roof  top".  Numerical  cal- 

•  culatlons  were  carried  out  for  a  series  of  struts 

derived  by  combining  the  various  perturbation 
flows  with  the  two  types  of  stagnation  regions 
to  determine  the  strut  shape,  section  modulus, 
minimum  pressure  coefficient  and  cavity  drag  co-^ 
efficient . 

Comparison  of  experimental  and  theoretical 
resultj  and  the  effects  of  finite  base  cavitation 
number  and  frictional  resistance  are  discussed. 
Charts  for  determining  'the  coordinates  of  the  op^ 
tifflum  strut  for  a  given  design  problem  are  pre^* 
sented. 
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SYMBOLS 


chordwlse  location  of  break  In  pressure  distribution 
of  the  "roof  top"  perturbation  in  hydrofoil  plane 

same  as  a,  but  in  airfoil  plane 

coefficients  In  Fourier  expansions 

Chord  length 


iptCt, 


f-p. 

'p  *  * 

K(a,<>)“  conqplete  elliptic  integral  of  the  first  kind 

B(a,e)“  complete  elliptic  Integral  of  the  second  kind 

1  I-  cavity  length  expressed  In  chords 

m  “  trailing  edge  slope 

p  -  local  pressure 

p_  -  static  pressure  In  the  free  Stream 

-  00 

q  ^  dynamic  pressure  - 

t.  s-  strut  base  thickness 

p  . . 

u  -  the  X  con^onent  of  the  perturhatlon  velocity  In  the 

hydrofoil  plane,  expressed  as  a  fraction  of  u 

00 

u  -  the  X  qon?)onent  of  the  perturbation  velocity  In  the 

airfoil  plane,  expressed  as  a  fraction  of  U 


(d'  O  Oi  o 
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SYMBOLS  (Continued) 

the  y-coniponent  of  the  perturbation  velocity  In  the 
hydrofoil  plane ^  expressed  as  a  fraction  of 

the  y-con5)onent  of  the  perturbation  velocity  In  the 
airfoil  plane,  expressed  as  a  fraction  of 

a  spiace  coordinate  in  the  hydrofoil  plane,  parallel 
to  tJ  ;  Its  origin  coHnnldes  with  the  leading  edge , 

expressed  as  a  fraction  of  chord  length 

vertical  space  coordinate  in  the  hydrofoil  plane> 
expressed  as  a  fraction  of  chord  length 

_  ir 
"  2 

a  d\i]nmy  variable  In  the  airfoil  plane,  defined  by 
d  =  cos”^(-^) 

Imaginary  coordinate  In  the  airfoil  plane 
real  coordinate  In  the  airfoil  plane 
mass  density  of  Incospressible  fluid 

cavitation  number  = 

Incipient  cavitation  number  =  C  , 

cavitation  number  based  on  base  cavity  pressure 


vortlcity  strength  in  the  airfoil  plane 


Sttbscrlpts 

o  ^  one  term  perturbation 
roof  top  perturbation 
trailing  edge 
parent  body 
cavity 


HTORONAUTICS,  Incorporated 

LIST  OP  FIGURES 

Figure  NO. 

1.  Base  Vented  Strut  ^  Supercavitatlng  Hydrofoil  Configuration 

2.  Linearlaation  of  Base  vented  Strut  Problem 

3.  Chordwlse  Pressure  Distribution  on  Parabolic  Struts 

4.  Drag  Coefficient  of  Parabolic  Struts 

5.  Definition  Sketch  for  the  Plate  Generated  Form 

6.  Exact  and  Approximate  Solution  for  Cavity  Drag  Coefficient 

vs .  Thickness  Ratio  for  the  Plate  Generated  Form 

7.  Shape  Conparison  of  Plate  Generated  Form  and  Parabola j  t^=.20 

8.  Vortlcity  Distributions  in  the  Airfoil  Plane 

9.  One  Term  Chordwise  Pressure  Distribution 

10.  One  Term  Modified  Parabolic  Struts 

11.  One  Term  Modified  Parabolic  Struts  With  Finite  Cavity  Drag 

12.  Comparison  of  One  Term  Struts >  0^=  .10 

13.  "Roof  Top"  Pressure  Distributions 

14.  "Roof  Top"  Modified  Parabolic  Struts,  Zero  Cavity  Drag 

15.  "Roof  Top"  Modified  Parabolic  Struts  With  Finite 

Cavity  Drag,  a=  .9 

16.  Comparison  of  "Roof  Top"  Struts,  a=  .8,  .1 

17.  Cavity  Drag  Coefficient  vs.  Base  Cavitation  Number  For 

Various  Struts 

18.  Cavity  Length  vs.  Base  Cavitation  Number  for  Various  Struts 

19.  Strut  with  Base  Annex 

20.  Parabolic  Strut  Drag  Coefficient  vs.  Froude  Number 
Parameter,  .167 

21.  Parabolic  Stjcut  Drag  Coefficient  vs.  Froude  Number 
Parameter,  t^=  .21 


HTDRONAUflCS 

,  Incoi^orated  ^ 

(• 

L  IST  OF  fWES 

• 

fable  Ho. 

I.a 

Plate  Gener*ated  parent  Forms,  t^s.o4, 

.06,  .08, 

.10 

I.b 

Plate  Generated:  Parent  Forms,  t^=.12. 

.14,  .16, 

.18 

I.c 

Plate  Generated  Parent  Form|,  t^=.20. 

.  .22,. .24, 

.26 

V  * 

1 

I.d 

Plate  Generated  Parent  FormSi  t^=.28> 

.30,  .33, 

.34 

1 

1 

1 

II. a 

"Roof  fop"  Perturbation,  a=  0,  .1,  .2 

,  .3 

II. b 

"Roof  Top"  Perturbation,  a^  .4,  .5,  . 

6,  .7 

t 

1 

1  « 

[ 

11. c 

"Roof  fop"  Perturbation,  a»  .8,  .9,  1 

.0 

,  < 

1 

1 

s 

5. 

i 

i 

1 

1 

g 

s 

I 

( 

1' 

i 

i 

{ 

i 

i- 

t 

n. 

f- 

1  ■ 

1 

BYDRONAUTICS ,  Incorporated 

THE  DESIQW  OP  TOO  DIMENSIONAL  LOW  PRACf,BASE-VEMTED  STRUTS 

mRQMTlON 

Hydrofoil  sections  currently  envisioned  for  application 
In  high  speed  hydrofoil  craft  are  either  supercavltatlng  sec¬ 
tions  with  an  upper  sui’face  cavity  vented  to  the  atmosphere 
or  base  cavltatlng  sections  with  the  base  cavity  vented  to 
the  atmosphere,  in  either  tj^e  of  foil  the  simplest  and  most 
practical  method  of  providing  ventilation  air  is  to  support 
the  hydrofoil  with  one  or  more  base  ventilated  surface  piercing 
struts  as  illustrated  In  Figure  1.  The  cavity  created  behind 
Such  blunt  based  struts  forma  a  natural  air  passage  from  the 
atmosphere  to  the  hydrofoil  region  requiring  ventilation  air. 

The  satisfactory  operation  of  base-vented  struts  has  been 
demonstrated  in  many  experiments,  see  for  example.  References 
1  and  2. 

Considerable  effort  has  been  expended  during  recent  years 
to  successfully  maximize  the  hydrodynamic  efficiency  of  super- 
cavltating  hydrofoils  (References  3  -  6).  The  overall  optim¬ 
ization  of  the  hydrodynamic  efficiency  of  a  strut-hydrofoil 
combination  obviously  requires  that  similar  studies  directed 
toward  minimizing  the  strut  drag  be  carried  out.  Since  the 
strut  thickness  and  area  in  some  designs  may  be  comparable 
to  the  thickness  and  area  of  the  hydrofoil,  very  significant 
Improvements  in  performance  can  be  achieved  by  minimizing  the 
strut  contribution  to  the  total  drag,  in  References  7  and  8 
It  is  pointed  out  that  relatively  thick  base  vented  struts 
having  zero  cavity  drag  are  theoretically  possible;  however 
such  struts  necessarily  produce  reduced  pressure  over  their 
chord  and  thus,  for  high  speed  operation,  there  exists  the 
possibility  of  vapor  cavitation  over  the  chord. 
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In  a  given  design  problem  the  strut  is  usually  required 
to  house  Some  shafting  or  other'  device  of  fixed  dimensions 
and  must  additionally  be  structurally  adequate  to  support  the 
loads  on  the  system.  Consequently  the  base^vented  strut  design 
problem  may  be  summarized  as  follows:  Find  the  strut  shape 
haying  a  specified  section  modulus  which  will  enclose  a  given 
configuration  with  the  least  hydrodynamic  resistance  without 
cavltating  along  its  chord  at  a  given  design  speed.  Further* 
more  the  magnitude  of  the  drag  of  the  strut  selected  must  be 
determined  for  both  zero  and  finite  base  cavitation  numbers . 

This  report  presents  the  resrits  of  anr analysis  which 
leads  to  the  Solution  of  the  two  dimensional  strut  design 
problem  outlined  in  the  preceedlng  paragraph  and  presents 
design  charts  and  tables  which  enable  the  designer  to  gelect 
theoretically  optimum  struts  with  a  minimum  of  additional 
eon5)utatlGn.  The  analysis  treats  only  the  case  of  two  dim* 
enslonal  struts  operating  at  zero  angle  of  yaw;  consequently 
no  information  is  obtained  concerning  the  yaw  sensitivity  of 
base  vented  struts  to  spontaneous  ventilation  along  one  side. 
Nor  does  the  analysis  consider  the  possibility  of  partial 
ventilation  of  the  rearward  portion  of  the  strut  chord 
caused  by  too  steep  pressure  gradients  and  boundary  layer 
separation  on  the  after  portion  of  the  strut.  These  afore* 
mentioned  effects  are  not  amenable  to  theoretical  analysis 
and  experimental  investigations  of  these  critical  areas  should 
be  made  to  aid  the  designer  in  selecting  a  final  strut  design.' 

Furthermore  it  is  recognized  that  three  dimensional 
effects  (free  water  surface  and  finite  span)  will  tend  to 
reduce  the  drag  coefficients  and  incipient  cavitation  numbers 
determined  from  two  dimensional  theory.  However,  it  is 
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speculated  that  the  reduction  in  profile  drag  caused  by  the 
strut^water  surface  intersection  is  conpensated  for  by  the 
so-called  spray  drag*  Flirthennore ,  if  the  lower  surface  of 
the  strut  is  attached  to  a  hydrofoil  (or  pod)  the  hydrofoil 
end-plate  effect  will  greatly  diminish  the  three-dimensional 
effects  in  the  lower  region  of  the  struts  HencOi  in  practical 
strut-hydrofoil  configurations^  the  cavity  drag  is  expected 
to  be  nearly  identical  to  the  cavity  drag  of  the  strut  in  two 
dimensions,  in  view  of  these  remarks >  struts  may  be  designed 
according  to  the  two  dimensional  theory  developed  in  this 
report  and  applied  directly  to  practical  designs  without  con¬ 
sideration  for  three  dimensional  effects.  Struts  so  designed, 
may  be  expected  to  have  cavity  drags  and  incipient  cavitation 
numbers  no  greater  than  the  two  dimensional  design  values 
and  possibly  slightly  less;  the  designs  will  therefore  be 
conservative . 


THEORY 

Ideally, the  strut  design  problem  may  be  reduced  to  a 
problem  in  variational  calculus  In  which  the  strut  drag  is 
minimized  subject  to  constraints  related  to  specified  section 
modulus,  thickness,  and  incipient  cavitation  number.  However, 
the  complications  involved  in  such  an  elegant  analysis  are  not 
warranted  if  adequate  results  may  be  obtained  by  sinpler  methods. 

Two  alternate  methods  of  investigating  the  strut  problem 
are  apparent.  One  is  to  specify  a  general  family  of  struts 
by  some  analytic  function  such  as  a  polynomial  and  then  to 
determine  the  significant  hydrodynamic  characteristics  of  the 
strut  in  terms  of  the  coefficients  of  this  polynomial.  Probably 
the  most  inqportant  characteristic  of  the  strut  is  its  drag 
coefficient  which  may  be  obtained  in  terms  of  the  strut  shape 
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from  the  following  equation  which  Is  derived  by  iHilln  In  Ref 
erence  7* 


[li 


However i  the  analysis  given  m  Reference  7  does  not  give  directly 
the  pressure  distribution  on  the  body  and  anunheeessarlly  large 
number  of  forms  must  be  examined  In  order  to  study  bodies  of 


near  optimum  pressure  distribution. 

A  more  straightforward  method  of  investigating  the  strut 
problem  Is  to  specify  families  of  dhordwise.  pressure  distribution 
and  to  determine  the  characteristics  of  the  resulting  Strut 
forms.  This  IS  the  exact  same  method  used  by  Tulln^  Johnson^ 
and  Auslaender  In  References  3#  5*  and  6  to  study  families  of 
supercavltatlng  hydrofoils.  In  fact  the  linearized  cavity  flow 
theory  of  Tulin  developed  In  Reference  3  for  lifting  surfaces 
Is  particularly  applicable  to  the  strut  problem  when  the  chord- 
wise  pressure  distribution  Is  specified. 

In  the  linear  theory  described  In  Reference  3»  the 
absolute  velocity  conqponents  In  the  x  and  y  directions  are 
defined  as  U  +  u',  and  v'  respectively;  where  u’  and  V  are 

fD 

referred  to  as  perturbations  to  the  undisturbed  free  stream 
which  flows  with  steady  uniform  velocity  U  in  the  x  direction. 

The  principal  assuiiq>tlon  of  the  linear  theory  is  that  the 
perturbation  velocities  u'  and  v'  are  small  with  respect  to 
so  that  higher  order  combinations  of  the  velocity  ratios 


and  may  be  neglected.  Thus*  the  boundary  condition 

Which  prescribes  that  the  velocity  vector  be  tangent  to  the 
body  surface  may  be  stated  as  ^  ^  rather  than  the  exact 
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relationship  ^  ^  .  Similarly  the  pressure  coefficient 

P^P« 

may  be  related  in  linearized  theory  to  the  pert^ 


urbatlon  velocities  by  the  single  equation  0^=  *  ^ 


2u' 


It 


Should  be  clear  that  the  assuimptions  made  in  the  linearized 
theory  are  valid  only  if  the  streamline  slopes  and  local 
pressure  coefficients  are  indeed  small.  Thus  the  linear 
theory  will  be  applicable  to  the  strut  problem  if  the  struts 
are  reasonably  thin.  A  second  assumption  of  the  linear 
theory  follows  from  this  restriction  to  thin  struts  -  it  is 
assumed  that  the  boundary  conditions  which  are  prescribed  on 
the  strut  or  cavity  walls  may  be  satisfied  on  the  x  axis . 
Justification  for  the  assumptions  made  in  the  linear  theory 
are  best  made  by  comparing  the  linearized  results  with 
exact  solutions  or  experiment.  Such  doimparisons  have  been 
made  in  Reference  5*  and  7  where  linearized  results  were 
shown  to  be  in  very  good  agreement  with  results  from  more 
exact  methods.  Further  Justification  for  the  application, 
of  linearized  cavity  flow  theory  to  the  problem  of  low  drag 
strut  design  does  not  seem  to  be  required. 

In  order  to  sinq)lify  the  notation  in  analyzing  the 

U  *  V  * 

strut  problem, the  perturbation  velocity  ratios  ^  and  ^ 

”oo  -qo 

are  denoted  throughout  the  remainder  of  this  report  as  simply 
u  and  V  so  that  the  linearized  boundary  conditions  referring 

to  streamline  slopes  and  pressure  coefficients  become  ^  -  v 

and  C  =  ^2u. 

P 

The  strut  problem  is  shown  In  the  physical  plane  in 
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Figure  2a  along  with  the  appropriate  linearized  boundary  con« 
dltlons.  In  order  to  slnpllfy  the  analysis  the  strut  chord 
Is  taken  as  unity  so  that  the  coordinates  x  and  y  may  be  inter* 
preted  as  non-dimensional  ratios  of  distances  to  chord;  that  is 

“  and  ^ . .  The  base  cavity  is  assumed  to  be  conpletely  vented 

So  that  the  pressure  within  the  cavity  is  the  same  as  the  free 
stream  pressure  and  thus  the  pressure  coefficient  along  the 
cavity  streamline  Is  zero*  Since  Gp  =  -  the  boundary  con¬ 
dition  that  must  be  satisfied  along  the  cavity  wall  is  sinply 
u=0.  Again,  since  Cp  =  -  2u,  arbitrary  distributions  of  the 

pressure  coefficient  along  the  chord  of  the  strut  may  be  pres¬ 
cribed  slnqply  In  terms  of  u(x) .  In  order  to  satisfy  the  con¬ 
dition  of  no  flow  through  the  boundary  the  additional  condition 

V  *  ^  Is  prescribed.  In  the  linear  theory  these  boundary 

conditions  are  to  be  satisfied  on  the  x  axis  so  that  the  strut 
problem  becomes  the  simple  semi-lnflnlte  slit  as  Indicated  In 
Figure  2b. 

Following  the  method  of  Reference  the  flow  outside 
the  slit  In  the  physical  plane  may  be  transformed  Into  the 
lower  half  of  the  ^  plane  by  the  transformation  t  -  -  Vz; 
the  boundary  conditions  prescribed  in  the  physical  plane  are 
carried  over  to  corresponding  points  in  the  C  plane  as  shown 
in  Figure  2c.  In  order  to  distinguish  the  values  of  the  pert¬ 
urbation  velocities  between  the  physical  plane,  Z,  and  the 
transformed  planer  Cf  the  barred  symbols  (u,  v)  are  used  in 
the  C  plane.  Since  the  strut  is  synmietrlc,  the  pressure  dist¬ 
ribution  must  be  Identical  on  both  sides  of  the  strut.  Thus 
In  the  transformed  plane  the  pressure  distribution  will  be 
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syaanetric  about  the  y  axis  as  indicated  in  Figure  2c . 

The  problem  indicated  in  Figure  2c  is  the  well  ioiown 
thin  airfoil  problem  which  may  be  solved  simply  by  distributing 
Singularities  (vortices)  in  the  interval  *1  <  I  ^  1  such  that 
the  vortex  strength  2u(|)i  The  vertical  velocity  per- 

turbation  v(0  may  then  be  obtained  by  summing  up  at  the 
point  I  the  individual  vertical  components  induced  by  the 
vortices  located  at  the  point  f  in  the  interval  -1  <  £  1. 

So  that  ^ 

Hence 4 

fU)=v(0»i  /iLtU-a,.  t3l 

-1  (t’-e) 

Now  the  strut  ordinates  in  the  physical  plahe  may  be 
obtained  from  the  following  equation 

0  “ 

Since  corresponding  points  in  the  physical  and 

transformed  planes  such  that  x=  l|*,  and  dx=  2^^,  Equation 

[4]  may  be  written  as 

Vx 

y(x)-  2  j  vCOl^l  [5] 

0 

where  v(0  Is  given  by  Equation  [3]  ^ 

The  drag  coefficient  of  the  strut  based  on  the  strut 
chord  is  obtained  by  an  investigation  of  the  pressure  coefficients 
over  the  projected  area  normal  to  the  stream  and  may  be  expressed 
as 
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or  In  terms  of  the  transformed  problem 


[6] 


||(02fdf-  ♦  u(l)v(|)gdf 

in  Reference  3* the  integral  in  Equation  [7]  Is  shown  to 
be  equivalent  to 

Since  C^i  the  lift  coefficient  of  the  equivalent  airfoil >  may 

be  written  as  2  /  ^u(f)df.  Equation  [8]  may  be  interpreted  as 
-1 


2ir 


[7] 


[8] 


[9] 


Thus  If  symmetric  pressure  distributions  are  prescribed 
in  the  airfoil  plane,  the  value  of  cl  may  be  immediately  eval- 

ii 

uated  as  '4  /”C  and  from  Equation  [9],  the  drag  coefficient 

of  the  resulting  strut  Is  obtained. 

No  physical  strut  will  exist  If  coinpletely  negative  pres^ 
sure  distributions  are  prescribed  because  such  pressure  distributions 
produce  negative  upper  surface  ordinates  and  positive  lower  surface 
ordinates .  This  result  is  cong>arable  to  the  non-*physical  results 
obtained  for  most  low  drag  supercavitating  foils  where  at  the 
shook  free  entry  angle  the  cavity  streamline  is  given  by  the 
theory  to  be  below  the  lower  surface  of  the  foil. 

In  the  supercavitating  lifting  surface  theory,  practical 
foils  of  reasonable  thickness  are  obtained  by  adding  singular^ 
like  loadings  near  the  leading  edge  which  may  be  produced  by 
angle  of  attack  or  parabolic  thickness.  The  final  foil  shape 
may  then  be  considered  as  a  basic  parabolic  shape  or  flat  plate 
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(with  cavity)  shape  which  has  been  peftufbed  by  the  low  drag, 
shock  free  entry  ordinates . 

The  derivation  of  useful  strut  shapes  may  be  accoifpllshed 
in  a  similar  manneri  that  is,  by  using  the  ordinates  given  in 
Equation  [5]  as  perturbations  which  are  added  to  basic  shapes 
Which  have  singular  behavior  near  the  nose  such  as  parabolas 
or  wedges.  It  is  true  that  strut  shapes  may  be  obtained 
Which  do  not  have  a  singular  point  at  the  nose  and  which  do 
have  positive  thickness  everywhere  along  the  chord.  Such 
Struts  would  have  cusped  noses  and  positive  pressures  over 
some  portion  of  the  chord.  These  cusped  nosed  struts  would 
not  be  acceptable  for  even  small  angles  of  yaw  and  were  there¬ 
fore  not  given  further  consideration. 

The  Obvious  base  vented  strut  Shape  to  be  used  as  a 
parent  form  is  that  shape  which  Initially  has  no  negative 
pressures  along  its  chord  and  which  has  a  minimum  drag  for 
a  given  thickness  or  section  modulus.  Using  the  hydrodynamic 
comparison  theorem  (see  Reference  9)»  it  is  shown  in  Reference 
7  that  the  minimum  drag  basic  shape  described  above  is  the 
profile  generated  by  the  zero  cavitation  number  cavity  behind 
a  flat  plate  normal  to  the  flow.  Furthermore,  it  is  shown 
in  Reference  7  that  the  linearized  approximation  to  this 
optimum  shape  is  a  parabola.  Consequently  the  parent  strut 
forms  selected  for  use  in  the  parent  study  were  the  parabola 
and  the  flat  plate  generated  form.  Before  proceeding  with 
the  various  perturbations  which  were  applied  to  these  parent 
forms,  it  is  inportant  to  summarize  the  characteristics  of 
these  parent  shapes  without  the  perturbations . 
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PARENT  FORMS 
Parabolic  Struts 

If  in  the  airfoil  plane  shown  in  Figure  2  a  single  vortex 
-  -  If 

with  a  clockwise  circulation  and  strength  ^  is  located  at 

the  origlnj  a  parabolic  strut  of  base  thickness  t^  will  be 

generated  in  the  physical  plane.  This  strut  has  a  singular 
loading  at  the  nose  followed  by  a  uniform  zero  pressure  coefficient 
along  its  chord.  The  lift  on  the  equivalent  airfoil  corresponding 

to  the  single  vortex  which  generates  the  parabola  is 

and  the  Corresponding  lift  coefficient  on  the  foil  whose 
Chord  is  2  is  Sinply  Using  Equation  [9]  the  drag  Coef¬ 

ficient  of  the  parabolic  strut  based  on  Its  chord  may  be  deter- 


T  4.2 


mined  as  ^  t^.  The  drag  coefficient  of  this  strut  based  on 


the  base  area  IS  therefore  . 


The  pressure  distribution  and  drag  coefficient  for  base 
vented  parabolic  struts  as  given  in  the  preceedlng  paragraph 
are  determined  from  linearized  theory.  A  more  accurate  noi^^ 
linear  result  is  presented  in  Reference  10  where  the  pressure 
distribution  is  given  as 
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plotted  in  Figure  3  For  several  values  of  t^ .  It  may  be  noted 
in  Figure  3  that  the  linearized  result  (uniformly  zero  pressure 
over  the  chord)  is  a  good  approximation  to  the  more  exact 
result  for  values  of  t^  less  than  about  *2  which  includes  most 

D 

of  the  parent  strut  thicknesses  of  practical  value. 

The  value  of  the  drag  coefficient  of  base  vented  para¬ 
bolic  struts  as  given  by  Equation  [11]  (but  converted  to  G=.  ) 

IS  Shown  in  Figure  4.  The  linearized  result  for  the  drag 

coefficient  (Gjj  =  ^t^)  is  also  shown  in  Figure  4  and  it  may 
b 

be  noted  that  the  linearized  result  is  an  excellent  approx¬ 
imation  of  the  more  exact  non-llnear  result  even  for  values 
of  t^  up  to  about  .25* 


Plate  Generated  Struts 

The  parametric  equation  for  the  cavity  shape  behind  a 
tfro  dimensional  flat  plate  operating  at  zero  cavitation  number 
In  an  infinite  fluid  as  given  by  Klrchoff  (Reference  11)  is: 


X 

h 


1 


sln@ 


-  in 


0, 


[laa] 


Lcos*0  tan(|-  ^  ^ 


Z 

h 


1 

cos© 


[12b] 


where  the  origin  is  at  the  plate  midpoint,  h  is  the  height  of 
the  plate,  and  0  is  a  parameter  equal  to  the  polar  angle  meas- 
ured  clockwise  such  that  0  -  ^  is  the  x  axis.  (See  Figure  5). 
ly  filling  in  the  space  bounded  by  the  plate,  the  cavity  stream¬ 
lines,  and  the  line  x  =  c,  plate  generated  struts  may  be  formed. 
These  plate  generated  struts,  as  pointed  out  previously,  are 
struts  which,  among  all  base  vented  (a  =  0)  struts  with  non- 
negative  pressures  over  their  chord,  have  the  least  drag  for 
a  given  thiclqiess  ratio. 
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The  drag  coefficient  based  on  the  frontal  area  of  the 
flat  plate  is  given  by  the  well  known  equation 


Thus  the  drag  coefficient  of  the  plate  generated  strut  based 
on  the  base  area  of  the  strut  is  given  by  the  equation 


p  ^  pf-  .  gy(c)  ^  ir/2 
'^P~  4+Tr  h  l/cos(&)+  tr/^ 

The  ordinates  of  plate  generated  struts  having  thickness -chord 
ratios  varying  between  .04  and  .34  have  been  calculated  and 
are  tabulated  in  Table  I.  Included  in  Table  I  is  the  value 
of  the  trailing  edge  slope  and  Gj^  for  each  thickness -chord 
ratio  tabulated.  By  examining  the  behavior  of  Equations  [12] 

and  [13]  for  e  the  following  linearized  result  for  the 

drag  coefficient  of  a  plate  generated  strut  (based  on  the  base 
area)  In  terms  of  the  base  thlckness-chcrd  ratio  may  be 
Obtained  as 


^  V  -»•  4  % 

h  32  ^ 


[14] 


It  Is  Important  to  note  from  this  result  that  for  the  same 
thickness  chord  ratio  the  plate  generated  strut  drag  coef¬ 
ficient  Is  about  half  that  of  a  parabola.  The  linearized 
result  given  by  Equation  [14]  is  con5)ared  in  Figure  6  with 
the  exact  solution  obtained  by  carrying  out  the  conputatlons 

Indicated  by  Equations  [12]  and  [I3]  (and  tabulated  for 

+- 

discrete  values  of  b/c  in  Table  I).  It  may  be  seen  that  the 
linearized  result  is  in  excellent  agreement  with  the  exact 
solution  for  values  of  ^b/c  less  than  .25. 

Since  the  drag  of  a  plate  generated  strut  is  significantly 
less  than  the  drag  of  a  comparable  parabolic  strut,  it  is 
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Important  to  examine  the  differences  in  the  shape  of  the  two 
struts.  In  Figure  7  the  non-dimensional  Goordlnates  of  a 
plate  generated  strut  and  a  parabolic  strut  of  equal  thickness- 
Chord  ratio  (.2)  are  con^ared.  Figure  7  shows  that  there  is 
very  little  difference  in  the  shape  of  the  two  struts,  the 
most  Significant  difference  being  in  the  flat  leading  edge  of 
the  plate  generated  strut .  Thus,  for  purposes  of  determining 
the  section  modulus  of  plate  generated  struts>  It  is  sufficient 
to  approximate  the  strut  by  a  parabolic  strut  of  equal  thickness 
chord-ratio.  The  true  section  modulus  of  the  plate  generated 
form  will  be  slightly  higher  than  the  result  obtained  by 
using  the  parabolic  approximation  and  so  may  be  considered  as 
conservative . 

Although  the  plate  generated  strut  does  have  minimum 
drag  among  all  base  vented  struts  with  non-negative  pressure 
coefficients  along  its  chord,  it  is  not  the  least  drag  strut 
if  negative  pressures  are  permitted  over  the  chord.  In  fact, 
as  pointed  out  previously,  if  negative  pressures  are  permitted, 
base  vented  struts  having  zero  drag  are  possible.  The  remainder 
of  this  report  is  concerned  with  determining  the  properties 
of  such  struts  by  adding  various  perturbations  to  either  the 
parabolic  or  plate  generated  forms  just  discussed.  In  view 
of  its  least  drag,  it  would  seem  necessary  to  use  only  the 
plate  generated  shape  as  a  parent  form.  However,  because  of 
the  absence  of  experimental  data  on  the  plate  generated  form 
and  the  possibility  that  the  blunt  nose  of  this  form  may  lead 
to  extreme  yaw  sensitivity  in  cavitation  or  ventilation  inception. 
Struts  derived  from  the  more  conventional  nosed  parabola  are 
also  included.  The  parabola  was  also  included  because  the 
strut  shapes  derived  from  the  parabola  may  be  conveniently 
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non-dlmenslonalized  with  respect  to  and  t/cj  whereas  such 

a  convenient  presentation  was  not  possible  with  the  plate 
generated  shapes i 

SPECIFIC  LOW  DRAG  STRUT  SHAPES 
As  pointed  out  In  the  section  on  parabolic  struts,  a 
parabolic  strut  of  base  thickness  t^  is  generated  in  the 

_  -  -  If  — 

physical  plane  by  a  vortex,  cf  strength  ^  U  t  located  at  the 

origin  of  the  airfoil  plane.  Such  a  vortex  Is  illustrated 
in  Figure  8..  Now,  if  In  the  airfoil  plane  a  sytametrlcal 
vortlclty  distribution  over  the  Interval  -1  <  x  <  1  is 
added  to  the  parabola  producing  single  vortex,  a  modified 
parabolic  strut  will  be  produced  In  the  physical  plane. 

This  modified  parabola  will  retain  the  nose  shape  of  the 
parent  parabola  but  Its  afterbody  thickness  will  be  thinner 
or  thicker  and  the  pressures  along  the  chord  less  than  or 
greater  than  the  parent  parabola  depending  on  the  sign  of 
the  vortlclty  added  in  the  airfoil  plane. 

Equation  [9]  shows  that  the  drag  of  the  modified 
strut  varies  with  the  square  of  the  lift  coefficient  of 
the  equivalent  airfoil.  Thus,  If  a  given  parent  parabolic 
shape  Is  modified  by  adding  a  distribution  of  negative 
vortlclty  In  the  airfoil  plane,  the  original  parabolic  drag 
will  be  diminished  because  the  total  lift  coefficient  of  the 
equivalent  airfoil  is* reduced.  Furthermore,  if  the  total 
negative  vortlclty  is  exactly  equal  to  the  single  parabola 
producing  vortex,  the  lift  on  the  equivalent  airfoil  will  be 
zero  and  thus  a  zero  drag  strut  will  be  produced.  Obvioxwly 
an  infinite  number  of  such  zero  drag  struts  are  possible, 
each  shape  depending  on  the  vortlclty  distribution  selected. 
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An  Inportant  design  problem  Is  to  select  the  best  of  these 
zero  drag  struts. 

Another  inportant  design  problem  might  be  to  select  a 
minimum  drag  strut  whose  trailing  edge  slope  has  borne  pres* 
crlbed  value.  For  exan^le,  struts  with  zero  trailing  edge 
slope  seem  particularly  attractive.  It  is  particularly  easy 
to  see  how  struts  with  zero  trailing  edge  slope  may  be 
achieved  by  examining  the  induced  velocity  at  the  trailing 
edge  of  the  equivalent  airfoil.  The  distributed  vortlcity 
must  be  selected  so  as  to  cancel  exactly  the  velocity  due  to 
the  single  parabola  producing  vortex.  Another  design  problem 
may  be  to  select  a  minimum  drag  strut  of  a  given  thickness  at 
a  Specified  location  along  the  chord.  All  of  these  problems 
require  the  systematic  Investigation  of  a  variety  of  vortlcity 
distributions  used  to  perturb  the  parent  parabolic  shape. 

The  vortlcity  distributions  selected  for  Investigation  and 
application  to  the  problems  outlined  above  are  described  in 
the  following  section. 

PERTURBATION  VORTICITY  PISTRIBOTIONS 
Fourier  Series 

If  the  perturbation  vortlcity  distribution  is  described 
by  an  even  series  with  a  sufficient  number  of  terms,  essentially 
all  distributions  of  significance  to  the  strut  problem  may  be 
investigated.  Since  a  Fourier  series  has  been  particularly 
useful  in  the  analagous  lifting  surface  problem  (See  References 
3,  5,  and  6),  a  Fourier  series  perturbation  distribution  was 
applied  to  the  strut  problem  and  investigated. 

In  the  equivalent  airfoil  plane,  the  horizontal  pert** 
urbation  velocity,  u,  was  taken  to  be  as  follows 
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u=  ^  A  sin(n  ©),  (h,  6dd) 

n=l 

where  9  is  defined  by  the  usual  thin  airfoil  transformation 
applied  to  the  equivalent  airfoil  of  chord-*  2  such  that 


=  ^(l“COs  9)  or  I  =  »  cos  ‘J 

Thus  C  varies  between  0  and  tt  as  |  varies  over  the  chord  of  the 
equivalent  airfoil  from  leading  edge  to  trailing  edge,  using 
Equation  [9]  the  drag  coefficient  due  to  the  perturbation  vel^ 
oclty  given  in  Equation  [15]  inay  be  determined  as 


sin  ni*sin©d@j  = 


■■  ^  /  i'- 


As  pointed  out  in  Reference  6  (and  as  may  be  deduced  froxn 
Equation  [8]-)  the  drag  coefficients  of  separate  con^jonents 
may  be  added  In  the  linearized  theory  to  obtain  total  drag 
by  taking  the  square  of  the  sum  of  the  square  roots  of  the 
Individual  components .  Thus 

total  1  2 

Now  if  a  strut  is  generated  by  the  addition  of  ordinates  pro¬ 
duced  by  the  perturbation  distribution  of  Equation  [15]  to 
the  ordinates  of  a  parent  parabola <  the  drag  coefficient  of 
this  strut  will  be 


Equation  [19]  clearly  reveals  that  a  drag  reduction  will  be 
achieved  If  the  sign  of  A  Is  taken  as  negative.  In  fact  a 

I 

t 


zero  drag  strut  will  result  when  A 


=  -  -E 
2' 


[19] 
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It  should  he  noted  that  as  long  as  the  bracketed  term 
in  Equation  [I9]  is  positive,  the  total  circulation  on  the 
equivalent  airfoil  will  be  positive ,  and  the  shape  of  the 
cavity  far  downstream  will  be  approximately  the  same  as  if  it 
had  been  generated  by  a  single  leading  edge  vortex.  Thus 
the  asymptotic  shape  of  the  cavity  will  be  approximated  by 
a  simple  parabolic  strut  whose  thicimess  corresponds  to  the 
strength  of  the  single  vortex.  On  the  other  hand  if  the 
bracketed  term  in  Equation  [I9]  is  negative,  the  total  cir¬ 
culation  on  the  equivalent  airfoil  will  be  negative .  This 
net  negative  vortlclty  implies  that  the  generated  stream¬ 
lines  are  imaginary  since  everywhere  downstream  from  some 
point  the  streamlines  are  on  opposite  sides  of  the  x  axis 
than  specified  in  the  derivation.  Consequently,  in  order 
to  derive  physically  meaningful  struts,  the  bracketed  term 
in  Equation  [19]  must  be  confined  to  non-negative  values. 

The  value  of  ^  due  to  the  perturbation  distribution 
given  by  Equation  [15]  may  be  determined  directly  from  thin 

Op 

airfoil  theory  as  A  cos(n©).  Using  this  result  and 

n=l 

Equation  [5]  the  perturbation  ordinates  may  be  determined 
as  9 

y(x)=  -  J  A^cos(n©)  Sln2©d0,  (9=eos'’^V^) 

0 

One  Term  Modified  Parabolic  struts:  if  only  the  first  term 
in  Equation  [15]  is  used,  so  that  u  -  A^sin©,  Equation  [20] 
becomes 


-18- 
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@  Q  .  " 

y  (x)=  A  cos0sin^0d0=  -^A  cos®© 
o  1  ,01  Jq 


iCOS 


-1 


2.  1 
=  ^A  X® 
0  1 


If  the  ordinates  given  by  Equation  [21]:  are  added  to 
those  of  a  parent  parabola  the  resulting  strut  shape  will  be 
given  by  the  simple  equation 


-f  x^+  |A^xt 


For  this  "one  term''  strut.  If  A  is  negative  the  minimum  pres- 

1 

sure  coefficient  occurs  at  the  leading  edge  (actually  just  aft 
of  the  leading  edge)  and  is  equal  in  value  to  2A^ .  If  this 

minimum  pressure  is  set  equal  to  the  negative  of  the  incipient 

P  "P 

*^00  ■  V  1  - 

vapor  cavitation  index  ,  A  may  be  replaced  by  -  The 

-  1  d 


[211 


[22]; 


perturbation  velocity  distribution  in  the  airfoil  plane  may 

_  c,  ^ 

then  be  written  as  u  *  Sln9-  ^  Since  Cp(x)=  -2u(*\/x), 

the  pressure  coefficient  on  the  strut  in  the  physical  plane  1$ 
given  by  the  following  equation 


C 


The  pressure  distribution  as  given  by  Equation  [23J  is 
shown  in  Figure  9*  The  actual  pressure  distribution  on  a 
"one  term"  modified  parabolic  strut  is  obtained  by  adding  the 
contributions  of  the  perturbation  and  the  parent  parabola; 
that  is,  adding  the  values  given  by  Equations  [23]  and  [10], 

A  particular  "one  term"  modified  parabolic  strut  may 
be  determined  by  specifying  one  additional  parameter  such  as. 
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the  drag  coefficient,  thic^ess  at  a  specified  location,  the 
slope  at  specified  location, etc .  Por  example  the  shape  of  the 
zero  drag,  one  term  modified  parabolic  strut  (for  which 
t 

A  =  ^  and  thus  t^  =  d^)  is  given  by  the  equation 


The  strut  Shape  given  by  Equation  [23]  is  shown  in  Figure  10. 

Similarly  the  shape  of  a  one  term  modified  parabolic 
strut  whose  trailing  edge  slope  is  zero  (t^=2d^)  is  given  by 


the  equation 


y  il- 

^ ^  -  r 


2 


The  strut  shape  given  by  equation  (24)  is  also  shown  in  Pig’* 
ure  10  for  Comparison  with  the  zero  drag  strut. 

The  drag  coefficient  of  the  strut  corresponding  to 
Equation  [25]  may  be  determined  from  Equation  [I9]  as 

^  o^  or  in  terms  of  the  base  thickness  of  the  strut,  t|^?^2y(l)^  ^1' 

Cjj  becomes  t^.  Since  a  parabola  of  equal  base  thlclgiesa 

has  a  drag  coefficient  of  ^  t^.  It  may  be  seen  that  the  drag 

of  this  modified  parabolic  strut  is  about  56  per  cent  of  the 


drag  of  a  parabola  of  equal  base  thickness . 

It  is  also  important  to  determine  the  section  modulus 
(bending  about  the  x  axis)  of  the  struts  derived,  The  non^ 
dimensional  section  modulus  Z  is  defined  as  Z/e®  or  in  the 
present  notation  where  c  is  unity  Z  is  simply  Z  and  may  be 
obtained  for  symmetrical  struts  from  the  equation 
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Using 


Z  = 
Equation 


*20- 

y®dx 

^IW|LX 

[25]  l^he  non-dimensional  seetion  modulus. 


Z, 


may  be  computed  to  be  .02503  0^  and  .I8I69  for  the  zero 

drag  and  zero  trailing  edge  slope  struts. 

Another  family  of  one  term  struts  may  be  derived  by 
specifying  the  value  of  in  Equation  [19]»  Such  a  one  term 

Q 

family  has  been  cdi^uted  foil?  various  values  of  arid  these 

results  are  presented  in  Figure  11.  Included  in  Figure  11  are 
computed  Values  Of  the  parameter  Z/o^  for  each  of  these  struts . 

The  designer  may  use  Figure  11  to  Select  the  "one  term”  strut 
with  least  drag  which  satisfies  prescribed  design  values  of 
Z,  and  thickness  at  a  prescribed  chordwise  station. 


One  Term  Modified  Plate  Generated  Struts ;  Since  the  linear¬ 
ized  drag  coefficient  of  the  plate  generated  form  based  on 

ir+4  2  TT  2 

the  chord  is  only  t^  compared  with  ^  t^  for  the  parabola, 

struts  which  are  superior  to  the  modified  parabolic  forms  Just 
described  may  be  obtained  by  applying  the  same  perturbations 
(as  given  by  Equation  [2l])to  a  plate  generated  parent  form. 
Simple  general  expressions  for  the  shape  of  such  modified  plate 
generated  struts  are  not  possible  because  of  the  dependence 
of  the  plate  generated  shape  on  the  value  of  t^  (for  a  unit 

chord) .  However,  the  following  results  may  be  presented  in 
terms  of  ordinates  of  the  plate  generated  form  y^  which  may 

be  calculated  from  Equation  [12]  or  obtained  from  Table  I. 

Thus  for  a  one  term  modified  plate  generated  strut. 
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y  =  yp-  l/B  *  [27] 

where  =  f(tp)  as  given  by  Equation  [12]. 

The  drag  coefficient  of  this  one  term  modified  plate 
generated  strut  is  given  by  the  following  equation 


V 


so  that  for  a  zero  drag  strut 


and  for  a  zero  trailing  e^e  trailing  edge  slope  strut 


dy 

( t  ,  1 )  =  ^<j . 
dx  '  p  i 

so  that  tp  becomes  specified  in  terms  of  or^  and  the  drag  coef¬ 
ficient  and  the  shape  of  the  strutaLnay  be  evaluated  for  spec¬ 
ified  values  of  o^.  it  IS  emphasized  here  that  the  ordinates 


of  these  struts  cannot  be  non-dlmensionallzed  with  respect  to 
as  was  done  for  the  modified  parabolic  forms.  The  relation* 

ships  Just  discussed  were  used  to  calculate  the  characteristics 
Of  one  term  modified  plate  generated  struts  (one  having  zero 
drag  and  one  having  zero  trailing  edge  slope)  for  a  specific 
value  Qf  =  .1.  The  shapes  of  these  struts  are  shown  in 

Figure  12  and  con^ared  with  one  term  modified  parabolic  struts 
designed  for  the  same  value  of  =?  ,1.  The  value  of  the 

drag  coefficient  for  each  of  these  struts  is  also  given  in 
Figure  12.  It  may  be  noted  that  the  modified  plate  generated 
forms  are  very  much  superior  to  the  modified  parabolic  forms. 
That  is,  the  thickness  of  the  plate  generated  zero  drag  strut 
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is  greater*  than  that  of  a  similar  parabolic  generated  form 
and  although  the  shapes  of  the  zero  trailing  edge  slope 
struts  are  very  nearly  the  same,  drag  of  the  plate  generated 
one  is  only  26  per  cent  of  the  parabolic  generated  strut. 

It  is  true  that  the  shape  of  the  plate  generated 
strut  cannot  be  non-dlmenslonalized  with  respect  to  its 
base  thlGlaiessj  however,  for  thicimess  chord  ratios  less 
than  about  .2,  the  plate  generated  form  can  be  adequately 
approximated  by  a  parabola  in  its  trailing  edge  region. 

This  fact  is  illustrated  in  Figure  7  where  a  parabola  and 
plate  generated  strut  of  equal  base  thickness  *2)  are 

compared.  Thus  for  purposes  of  calculating  Z  and  trailing 
edge  slope j  the  plate  generated  shape  may  be  approximated 
by  a  parabola.  If  this  approximation  is  made,  the  char- 
acteristlcs  of  modified  plate  generated  struts  may  be 
non^dlmenslonallzed  in  the  same  way  as  was  done  for  mod* 
if led  parabolic  forms .  This  approximation  was  made  and  the 
non*dlmensional  characteristics  of  the  ’’one  term"  struts 
may  be  suiranarlzed  in  the  following  table 


CHARACTERI3TICS  OF  ONE  TERM  STRUTS 


Parabola  Zero  Drag 

Zero  T.  E.  Slope 


Zero  Drag 


'’l/t. 

3.00 

L_: _ ^ _ 

-  ■  - 1 

1.00 

1.109 

.750 

1.00 
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The  Fourier  series  perturbation  distribution  was  selected 
with  the  expectation  that  particularly  interesting  low  drag 
Shapes  could  be  obtained  by  taking  only  a  few  terms  in  the 
series  (for  exan^le,  the  one  term  struts  described  above) 
and  Optimizing  these  coefficients  so  as  to  give  maximum  Z 
for  a  given  value  of  d^  and  c^.  This  procedure  would  be 
analagous  to  the  well  known  two,  three  and  five  term  super- 
cavitating  hydrofoil  sections.  However,  the  addition  of  a 
Second  term,  that  is  =  0(n  >  3)»  resulted  in  a  strut  which 
was  considerably  inferior  to  the  one  term  strut  for  all 
A 

values  of  The  addition  of  a  third  term,  so  complicated 
1 

the  analysis,  without  obvious  improvement  over  the  one  term 
design,  that  the  Fourier  series  representation  of  the  pres¬ 
sure  distribution  was  discarded  in  favor  of  so  called  "roof 
top"  distributions  which  are  often  utilized  in  airfoil  theory. 


"Roof  Top"  Pressure  Plstributions ;  In  Reference  9,  the  hydro - 
dynamic  comparison  theorem  is  utilized  to  prove  that  the  plate 
generated  strut  is  the  least  drag  strut  (with  non-negative 
pressures  over  the  chord)  among  all  struts  having  equal  sect¬ 
ional  area.  A  similar  analysis  may  be  carried  out  to  prove 
that  among  ell  base  vented  struts  having  a  prescribed  minimum 
pressure  coefficient  or  o^,  the  least  drag  strut  for  a  given 
sectional  area  is  a  modified  plate  generated  strut  having  a 
uniform  chordwlse  pressure  distribution  such  that 

Although  a  constant  pressure  perturbation  applied  to 
the  plate  generated  form  will  result  in  the  lowest  possible 
strut  drag  for  a  given  thickness  and  vapor  cavitation  number, 
such  a  strut  is  subject  to  the  criticism  that  the  infinite 


HTORON Aurics,  Incorporated 

-24- 

pressure  gradient  at  the  trailing  edge  may  cause  boundary  layer 
separation  and  subsequent  ventilation  over  the  rearward  portion 
of  the  strut.  In  order  to  design  struts  with  less  severe  pres¬ 
sure  gradients  over  the  rearward  portion,  a  one  parameter 
family  of  distributions  known  as  "roof  top"  distributions  were 
studied.  This  perturbation  distribution  was  applied  in  the 
airfoil  plane  and  consisted  of  constant  vorticity  over  the 
central  portion  of  the  equivalent  airfoil  up  to  an  arbitrary 
point  I  =  +  followed  by  a  linear  reduction  to  zero  at 
the  leading  and  trailing  edges  of  the  equivalent  airfoil.  The 
pressure  distributions  in  the  physical  plane  which  result  from 
this  "roof  top"  perturbation  are  shown  In  Figure  13.  It  may 
be  seen  that  the  Strut  chordwlse  pressure  distribution  Is 
characterized  by  a  constant  pressure  over  the  region  0  <  x  <  a, 
followed  by  a  parabolic  decay  to  zero  at  the  trailing  edge. 

The  characteristics  of  these  "roof  top"  struts  may  be 
Obtained  In  terms  of  the  specified  vapor  cavitation  number 
the  parameter  a,  and  some  other  specification  such  as 

drag  coefficient,  trailing  edge  thickness,  trailing  edge  slope, 
etc.  The  magnitude  of  the  drag  coefficient  In  terms  of  the 
strut  chord  and  the  perturbation  slopes  and  ordinates  resulting 
from  prescribed  values  of  and  "a"  are  derived  in  the 
following  analysis. 

In  the  airfoil  plane  the  "roof  top"  horizontal  pert¬ 
urbation  velocity  distribution  may  be  given  by  the  following 
equations  ’. 

U  (e).  .  .1  <  «  <  .  ii 

^  '  l-a 

u  (O-  -  a  <  ?  <  1 

^  1-a  ^ 


[3Qa) 

[30bj 

[30c] 
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where  a  is  the  location  of  the  discontinuity  in  u  and  is 
numerically  equal  to  VT. 

The  slope  distribution  of  the  equivalent  airfoil  with 
the  u  distribution  given  by  Equation  [30]  may  be  determined 
from  Equation  [3]  as 


P  u  (e')dg'  f  u  (g')<il 

1  i  ~W^) 


-1  »a  a 

After  Carrying  out  the  indicated  integration  Eqtiation 
a 


becomes 


dx 


I*-? 


-I'" 


a-e 


*a-6' 


The  strut  perturbation  ordinates  corresponding  to  the 
equivalent  airfoil  slopes  given  by  Equation  [32]  may  Be  deter¬ 
mined  directly  from  Equation  [51.  The  general  expression  for 
the  strut  perturbation  ordinates  may  then  be  written  as 

2^(a^l)+(3x-2x^-l)fn(l-Yx) 

-  ( 3x+2x^  -1 )  /n  ( 1+  -yjT) + ( 3x  Ya+2x®  -a*)  tn  ( yfsL+  -yjx ) 


'1  6v(l-'\fa 


+(2x*-3x’\/ir+aS )  in  -^| 

The  perturbation  ordinates  given  by  Equation  [33]  are  tabulated 
for  various  values  of  a  in  Table  II.  Equation  [33]  is  val^Ld 
for  0  <  X  <  1  and  0  <  a  <  1.  For  the  special  case  of  a  =  1 
the  perturbation  ordinates  may  be  evaluated  to  be 


^a=l 


1 

V 


I—  X-1  ,  1+ 

•yjx*  =  in 


1-V; 


W 


The  lift  coefficient  of  the  equivalent  airfoil  may  be 
determined  from  the  area  under  the  trapezoidal  pressure  diet- 
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I 


ributldn  as 


so  that  the  drag  coeffiGlent  may  be  determined  from  Equation  [9] 

V\-  ■  ^ 

Thus  the  total  drag  coefficient  of  struts  obtained  by 
**roof  top" perturbations  to  the  parent  parabolic  shapes  will 
be  given  by  the  equation 


The  ordinates  of  "roof  top"  struts  can  of  course  be 
obtained  by  the  addition  of  the  parent  ordinates  and  the 
perturbation  ordinates  given  by  Equation  [33]  or  [3^1 • 


[37] 


"Roof  Top".  Modified, Parabolic  Struts  I  Using  the  parabola  as 

a  parent  form,  particular  struts  may  be  derived  with  "roof 

top"  chordwise  pressures.  Of  particular  interest  is  the 

zero  cavity  drag  strut.  Prom  Equation  [37]  it  may  be  Seen 

that  for  zero  drag  the  value  of  t  must  be  taken  as 

®  P 

2o 

.  Thiis  the  ordinates  of  "roof  top"  modified  parabolic 
struts  which  have  zero  cavity  drag  may  be  obtained  by  adding 
the  ordinates  given  by  Equation  [33]  or  [3^]  (or  Table  II)  to 
the  ordinates  of  the  parabola  given  by  the  equation 


y/oi^  *  (1+V^)  [33] 

The  shapes  of  such  "roof  top"  modified  parabolic  struts 
with  zero  cavity  drag  are  shown  in  Figure  14  fpr  various  values 
of  the  parameter  a.  Also  given  in  Figure  14  is  the  calculated 

value  of  Z/q^  for  each  of  these  struts.  Comparison  of  the  "one 
term"  modified  parabolic  zero  drag  strut  shown  in  Figure  9  with 
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the  "roof  top"  struts  shown  In  Figure  14  reveals  that  the  "one 
term"  strut  is  roughly  similar  to  an  a  =  .4  "roof  top"  strut. 
Thus  it  is  clear  from  Figure  14  that  "roof  top"  zero  drag 
struts  with  a  >  .4  can  be  made  thicker  than  "one  term"  struts 
for  a  given  value  of  or^. 

Another  family  of  struts  may  be  formed  by  prescribing 
the  drag  Coefficient  to  be  a  particular  value.  For  modified 
parabolic  struts  of  this  type  the  strut  shape  becomes  deter¬ 
mined  by  adding  the  "roof  top"  perturbation  ordinates  given 
by  Equation  [33]  or  [34]  (or  Table  II)  to  the  parabola 


w  - 

y/o.-  where  t  is  defined  by  Equation  [37]  for  a 

'  1  ^  p 

given  value  of  ^od  a.  The  shape  of  "roof  top"  struts 

for  the  particular  value  of  a  »  .9 


for  various  values  of 


is  presented  in  Figure  15. 

For  the  particular  case  of  a  zero  trailing  edge  slope, 
"roof  top"  strut  there  is  a  unique  value  of  the  parameter 
for  each  value  of  a.  This  value  may  be  determined 


as  follows. 

The  trailing  edge  slope  of  a  modified  parabolic  "roof 
top"  strut  may  be  evaluated  by  adding  the  perturbation  com* 
ponent  given  by  Equation  [32]  for  |  =  I  to  the  parabolic 
t 

component  Thus  the  trailing  edge  slope,  m,  may  be  deter^ 


mined  as 
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For  the  particular  case  of  zero  trailing  edge  slope  the  follow¬ 
ing  relationship  must  be  satisfied 


t_ 


2 

w 


[4Q] 


Substitution  of  Equation  [40]  into  Equation  [37]  results  In  the 
following  equation  for  the  drag  of  the  zero  trailing  edge  slope > 
"roof  top"  modified  parabolic  strut 


The  ordinates  of  this  strut  are  obtained  by  the  addition  of 
the  perturbation  ordinates  given  by  Equation  [33]  or  [34]  (or 
Table  IX)  to  the  parent  parabolic  shape  defined  by 


t 

2I1V*.  "here 


Is  obtained  from  Equation  [37]^ 


Another  family  of  "roof  top"  struts  may  be  derived  by 
applying  the  "roof  top"  perturbations  to  a  parent  plate  gen¬ 
erated  form.  These  struts  may  be  specified  in  exactly  the 
same  manner  as  was  done  for  struts  derived  from  a  parabolic 
parent;  that  is,  struts  having  zero  drag,  a  specified  drag, 
or  specified  thickness  or  slope  at  some  chordwlse  station  may 
be  investigated.  However,  as  mentioned  previously,  it  is  not 
possible  to  generalize  the  plate  generated  strut  characteristics 
because  of  the  non-linear  dependence  of  its  shape  on  the  parent 
base  thickness .  Since  the  method  of  obtaining  the  shape  of 
this  type  strut  has  been  explained  and,although  the  method  is 
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tedlous,  it  is  stralghtforwardi  no  further  analysis  will  be 
given.  The  "roof  top"  perturbation  drag  coefficient,  ordinates^ 
and  trailing  edge  slope  are  tabulated  for  various  values  of 
a  in  Table  II.  The  drag  coefficient, ordinates  and  trailing 
edge  slopes  of  plate  generated  shapes  of  various  thlcimess- 
chord  ratios  are  tabulated  in  Table  I.  ^  the  siirple  addition 
of  these  ordinates  the  ordinates  of  any  "roof  top"  modified 
plate  generated  strut  may  be  obtained.  The  cavity  drag  of 
the  strut  may  be  obtained  from  Equation  [18]. 

For  comparison  with  the  "roof  top"  modified  parabolic 
struts.  Several  specific  "roof  top"  modified  plate  generated 
struts  have  been  derived.  In  Figure  l6  parabolic  and  plate 
generated  "roof  top"  struts  designed  for  a  =  .8,  =  .1  for 

both  zero  cavity  drag  and  zero  trailing  edge  slope  are  pres¬ 
ented.  It  may  be  seen  that  the  plate  generated  struts  are 
considerably  thicker  than  the  parabolic  struts  for  the  cond¬ 
itions  specified. 


SELECTION  OF  A  BASE -VENTED  STRUT  DESIGN  FOR  OPERATION 
AT  ZERO  BASE  CAVITATION  NUMBER 

In  the  preceedlng  analysis  the  characteristics  of  base 
vented  struts  having  a  variety  of  chordwlse  pressure  dist¬ 
ribution  have  been  derived.  It  was  shown  that,  in  a  non-vlscous 
fluid,  the  minimum  cavity  drag  strut  for  a  given  value  of 

and  a  section  modulus,  is  the  plate  generated  strut  modified 
with  the  a  ^  l.Q  "roof  top"  pressure  distribution.  However, 
this  minimum  drag  strut  has  an  infinite  adverse  pressure  4|rad- 
ient  at  its  trailing  edge  which  may  cause  boundary  layer  sep¬ 
aration  and  the  non-vlscous  fluid  theory  used  to  derive  the  strut 
will  not  be  applicable.  Furthermore,  the  flat  nos®  of  the  minimum 
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drag  strut  may  cause  the  chordwlse  vapor  cavitation  and  vent¬ 
ilation  Inception  properties  of  the  strut  to  be  extremely 
sensitive  to  yaw.  These  speculations  can  be  answered  only 
by  experimental  research  which  has  not  yet  been  conducted. 

If  the  yaw  sensitivity  problem  is  a  real  one,  the  struts  with 
parabolic  parent  forms  should  improve  the  performance.  If 
trailing  edge  separation  does  occur  for  a*i  "roof  top"  struts, 
then  "roof  top"  struts  having  lesser  values  of  "a"  should  im¬ 
prove  the  performance.  Without  this  experimental  background,  a 
conservative  strut  design  such  as  the  "one  term"  modified  parabola 
is  recommended.  HYDRONAUTlCS,  Incorporated  has  utilized  the  "one 
term"  modified  parabola  with  zero  trailing  edge  slope  in  several 
hydrofoil  system  designs .  In  at  least  one  case  the  strut  has 
been  investigated  experimentally  and  found  to  operate  satisfact¬ 
orily.  m  these  designs  it  was  noted  that  the  "one  term"  zero 
slope  strut  is  very  nearly  equivalent  to  an  NACA  l6  series  section 
which  has  been  cut  off  at  its  maximum  thickness.  Consequently, 
the  characteristics  of  such  a  truncated  16  series  section 
should  be  equivalent  to  the  "one  term"  modified  parabola  with 
zero  trailing  edge  slope . 

THE  EFFECT  OF  FINITE  CAVITATION  NUMBER 
All  of  the  preceedlng  analysis  has  dealt  with  base  vented 
struts  operating  with  the  base  cavitation  number  equal  to  zero. 
Actually  the  base  cavitation  number  is  always  finite  in  a  real 
hydrofoil  system  because  of  the  hydrostatic  pressure  gradient. 
Thus,  if  the  cavity  pressure  is  assumed  to  be  equal  to  the 
atmospheric  pressure,  the  base  cavitation  number  will  vary 
along  the  strut  according  to  the  following  equation 
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where  h  Is  the  vertical  distance  from  the  water  surface  to  a 
point  on  the  strut  and  p  is  the  Proude  Number  based  on  this 


depth  ^  It  is  well  known  that  the  drag  coefficient  of 

Vih 


a  strut  operating  with  a  finite  base  cavitation  number  is 
greater  than  if  the  base  cavitation  number  is  zero.  Thus>  it 
is  ing)ortant  to  determine  quantitatively  the  effect  of  finite 
base  cavitation  number  on  the  drag  coefficient  of  the  struts 


derived. 


If  the  base  cavitation  niMber  is  not  zero,  the  strut 
problem  illustrated  in  Pigure  1  is  modified  in  the  following 
ways : 

a.  the  base  cavity  length  becomes  a  finite  lengthy  f. 

b.  the  pressure  coefficient  along  the  strea|nlines  is 

not  Zero,  but  (-  <j^)  . 

Using  linearized  theory  fulln  solved  this  finite  cavitation 
problem  In  Reference  7.  The  in^ortant  results  of  this 
analysis  may  be  summarized  as  follows: 

1.  The  cavity  Is  approximately  elliptic  in  shape  (for 
small  values  of  a)  with  a  cavity  length  to  maximum  width  ratio 
given  by  the  Telationshlp 

t  a, 

max  b 

2 .  The  length  of  the  cavity  formed  behind  arbitrary 
struts  may  be  obtained  from  the  following  equation 


[^3] 


i) 
2  ' 


Vg-(x-i) 


dx 


where 


dx 


Is  the  local  slope  of  the  strut. 


[44] 


HYlDRONAUflCSj  Incorpcifated 


-32- 

3-  The  drag  coefficient  of  arbltraj^  struts  is  obtained 
from  the  equation 


- 

^  V(x-l)(x-l-/) 


where  t,  =  the  strut  base  thickness, 
b 


If  the  analytic  expressions  defining  the  strut  shape 
are  very  eon5)llcated,  the  integrations  indicated  in  Equations 
[44]  and  [45]  become  rather  tedious.  However,  for  the  single 
cases  of  wedge  and  parabolic  struts  where 


respectlv'ely,  the  integrals  may  be  readily  evaluated.  The 
results  of  Such  computations  for  the  drag  coefficient  and 
cavity  length  for  wedge  and  parabolic  struts  are  presented 
in  Figure  17  and  l8.  It  Should  be  noted  that  the  drag 
coefficients  presented  In  Figure  17  are  based  on  the  base 
area  rather  than  the  chord.  Among  the  low  drag  struts  developed 
in  the  preceedlng  sections  of  this  report  only  the  "one  term" 
modified  parabolic  struts  lead  to  readily  integrable  solutions, 
for  the  cavity  length  and  drag  coefficient.  The  results 
of  such  computations  are  also  presented  In  Figure  17  and  l8 
for  the  "one  term"  zero  trailing  edge  strut  and  for  the  "one 
term"  zero  drag  strut.  Again  the  drag  coefficients  presented 
in  Figure  17  are  based  on  the  base  area  rather  than  the 
chord . 


It  is  inportant  to  note  in  Figure  17  that  for  values 


Qf  greater  than  about  1,  the  drag  coefficient  of  ail 

of  the  Struts  except  the  zero  drag  strut  become  independent 
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of  the  strut  shape.  Flgtire  I7  gives  the  first  Inipresslon  that 
at  high  values  of  drag  of  the  "zero  cavity  drag" 

strut  Is  greater  than  the  other  strut  shapes.  However^  It 
should  be  noted  that  In  order  to  house  a  given  diameter  shaft 
or  provide  a  given  value  of  section  modulus  it  is  the  strut 
maMmum  thickness  which  is  Important  rather  than  the  base 
thickness.  For  the  three  finite  (a  =  0)  drag  struts  the  base 
thickness  and  maximum  thlekness  are  identical;  whereas, 
the  zero  drag  (0  =  0)  strut  has  a  maximum  thickness  equal  to 


In  order  to  compare  the  drag  coefficients  on  the  basis 


of  maxlfflLim  thickness  the  dashed  curve  for  the  "zero  drag"  strut 

is  presented  In  Figure  17.  The  coordinates  for  this  dashed 

ctirve  are  baaed  on  the  strut  maximum  thlcimess,  that  Is 
C, 


Dt 


m 


and 


The  results  present®^  In  Figures  17  and  18  were  derived 
for  specific  strut  shapes;  however.  It  may  be  shown  that  the 
drag  coefficients  and  cavity  length 


and  t 


for  struts  operating  at  finite  values  of 


7 


are  very 


nearly  independent  of  the  shape  and  primarily  dependent  on 


-b(g:^0) 


only.  Consequently,  Figures  17  and  18  may  be  utilized 


more  generally  by  considering  the  curves  presented  as  applicable 
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to  arbitrary  shaped  struts  with  specific  values  of  the  para- 

Cj. 

meter  . 

^b 

the  effect  of  frictional  resistance  on  strut  design 

It  is  Important  to  note  that  all  of  the  preceding 
analysis  in  this  report  has  been  directed  toward  the  deter¬ 
mination  of  the  cavity  drag  of  various  strut  sections.  The 
total  drag  of  these  struts  operating  in  a  real  fluid  will  be 
composed  of  this  cavity  drag  plus  the  frictional  resistance 
of  the  strut*  This  frictional  resistance  component  will 
depend  on  the  operating  Reynolds  Number  and  may  be  obtained 
from  flat  plate  frictional  resistance  data. 

When  the  base  cavitation  ntuiiber  is  small,  the  fric¬ 
tional  resistance  of  a  strut  usually  represents  a  large  per* 
centage  of  the  total  drag.  For  example>  the  total  drag  co¬ 
efficient  (based  on  chord),  for  a  10  percent  thick  "one  term" 

(m  =  0)  modified  parabolic  strut  operating  at  an  average 
base  cavitation  number  of  .03  and  a  Reynolds  Number  based  on 

chord  of  10®,  is  composed  of  C  =  ,005  and  C_  =  .0042. 

^cavity  ^friction 

Obviously  if  lower  cavity  drag  struts  are  investigated  the 
frictional  resistance  may  become  the  major  portion  of  the  re¬ 
sistance. 

In  some  design  problems,  it  is  possible  to  reduce  the 
frictional  resistance  contribution  to  the  drag  of  a  strut  of 
prescribed  7,  a^,  t,  etc,  by  employing  an  annex  to  the  basic 

strut  as  illustrated  in  Figure  19,  The  annex  geometry  is 
selected  so  as  to  remain  inside  the  cavity  produced  by  the 
fore body,  in  this  manner,  section  modulus  may  be  added  to 
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the  strut  wltho  '  incurring  additional  drag. 


COMPARISON  OF  THEORY  WITH  EXPERIMENT 
unfortunately,  very  little  experimental  data  exlfets 
for  hase  vented  struts  and  that  which  has  been  obtained  are 


for  finite  aspect  ratio,  parabolic  struts  only.  No  experimental 
data  have  been  published  for  any  of  the  more  refined  struts 
derived  in  the  predeeding  sections. 

The  experimental  data  which  are  available  were  obtained 
in  the  pendulum  facility  of  Dynamic  Developments  incorporated 
and  is  reported  in  Reference  2.  These  tests  were  performed 
on  parabolic  strut  sections  with  base  thickness -chord  ratios 
of  .1667  and  .21.  The  struts  were  attached  to  the  lower 
end  of  a  falling  arm  pendulum  with  the  lower  end  at  varying 
depths  below  the  water  surface  (measured  at  the  bottom  of  the 
pendulum  swing  at  which  time  the  drag  was  also  measured) . 

It  is  important  to  note  that  in  these  experiments,  no 
foil  or  end  plate  was  attached  to  the  lower  end  of  the  strut. 

The  base  of  the  strut  was  naturally  Vented  to  the  atmosphere 
and  pressure  measurements  over  the  base  of  the  strut  revealed 


essentially  atmospheric  pressure  over  the  entire  strut  base. 
Consequently,  the  base  cavitation  number  at  arbitrary  depths 
along  the  strut  is  given  by  Equation  [^2]  to  be  2F^ ,  The 


cavitation  number  then  varies  linearly  along  the  length  of 
the  strut  and  if  drag  is  taken  to  vary  linearly  with  o,  the 
average  or  effective  cavitation  number  to  be  used  in  deter^ 
mining  the  drag  coefficient  of  the  strut  will  be  l/P^  or 


Yh 


2/M. 


,  where  h^  is  the  depth  of  the  bottom  of  the  strut. 
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Therefore  the  drag  coefficient  data  are  presented  as  functions 

l/P®  in  Reference  2.  These  data  are  reproduced  In  Figures  20 

and  21  for  the  16^67  and  21  per  cent  thick  struts  respectively, 
included  In  Figures  20  and  21  are  the  theoretical  frictionless 
drag  coefficients  obtained  from  Figure  l?.  These  theoretical 
Coefficients,  increased  for  both  laminar  and  turbulent  friction, 
are  also  presented  in  the  Figures .  It  may  be  seen  in  Figure 
20  that  the  agreement  between  theory  and  experiment  for  the 
16.67  per  cent  thick  strut  is  very  good  for  values  of  1/F^ 

greater  than  about  .02*  However,  Figure  21  shows  that  for 
the  21  per  cent  thick  strut,  the  theoretical  values  are 
nearly  twice  the  values  determined  in  the  experiment. 

In  view  of  the  excellent  agreement  between  the  linear 
and  non-linear  theory  for  the  drag  coefficient  of  parabolic 
struts  (see  Figure  4),  the  disagreement  between  theory  and 
experiment  shown  In  Figure  21  carmot  be  attributed  to  the 
Invalidity  of  linearized  theory  applied  to  such  a  thick 
strut.  The  difference  might  be  attributable  to  some  abnormality 
of  the  pendulum  experimental  technique  which,  for  example 
results  In  Inherently  unsteady  flows.  On  the  other  hand, 
if  the  technique  Is  indeed  valid  then  the  observed  dis¬ 
agreement  must  be  attributed  to  the  three  dimensional  influences . 

Although  Figure  20  Indicates  that  decreasing  aspect 
ratio  tends  to  decrease  the  drag  coefficient  of  a  given  strut. 
Figure  21  fails  to  confirm  this  trend. 

However,  If  the  aspect  ratio  Is  based  on  the  length 
of  the  strut-cavity  combination  rather  than  the  strut  chore, 
this  strut-cavity  aspect  ratio  becomes  almost  independent  of 
the  geometric  aspect  ratio  at  very  small  values  of  l/F^.  The 
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observed  lack  of  dependence  of  the  drag  coefficient  on  geometric 
aspect  ratio  at  low  values  of  l/^  n>ay  be  partially  attributed 
to  the  more  likely  dependence  of  the  flow  characteristics  on 
the  aspect  ratio  based  on  the  combined  length  of  the  strut 
Chord  and  its  cavity. 

Some  insight  into  the  effect  of  finite  aspect  ratio  on 
the  drag  of  struts  may  be  obtained  by  noting  that  at  the  tip 
of  a  strut  of  semi-infinite  span,  the  pressures  must  be  exactly 
one-half  those  which  occur  on  a  completely  two  dimensional 
strut.  Thus  the  sectional  drag  of  the  tip  of  a  strut  whose 
span  is  finite  (rather  than  semi -infinite)  must  be  less  than 
one  half  the  drag  of  a  two  dimensional  section.  At  very  low 
aspect  ratios  where  the  Span  of  the  strut  becomes  about  equal 
to  the  base  thickness,  it  seems  reasonable  to  expect  that  the 
drag  coefficient  of  the  strut  (based  on  base  area)  should  be 
about  the  same  as  the  drag  coefficient  of  a  similar  body  of 
revolution. 

In  Reference  10  the  drag  coefficient  of  paraboloids 
operating  at  zero  cavitation  number  is  given  as  .00155  and 
,0037  for  fineness  ratios  con?)arable  to  the  16.7  and  21  per 
cent  thick  struts.  These  values  are  indicated  by  the  solid 
symbols  in  Figures  30  and  31.  It  is  interesting  to  note 
that  the  experimental  data  shown  in  Figure  30  for  low  values 
of  (particularly  for  the  lowest  geometric  aspect  ratio 

data)  do  tend  toward  the  values  predicted  from  the  axisymmetrlc 
theory.  Unfortunately  data  were  not  obtained  on  these  struts 
with  a  hydrofoil  or  end  plate  attached  to  the  bottom.  Certainly 
the  effect  of  such  an  end  plate  would  be  to  increase  the  strut 
drag  coefficients  toward  their  theoretical  two  dimensional 
values . 
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In  view  Of  the  Inconslsteneles  of  the  data  (for  example  * 
at  values  of  l/P®  greater  than  .025,  the  drag  coefficient  of 

the  16.67  per-cent  strut  Is  greater  than  the  drag  of  the  21 
per  Cent  strut)  and  the  absence  of  end  plate  data.  It  Is 
difficult  to  draw  any  conclusions  from  the  comparison  of 
theory  and  experiment  presented  in  Figures  20  and  21.  However, 
the  available  data  do  support  the  speculation  that  the  theoretical 
drag  coefficients  determined  for  two  dimensional  struts  will 
be  conservative  when  applied  to  three  dimensional  designs. 

The  degree  to  which  the  two  dimensional  theory  overestimates 
the  drag  must  depend  on  the  end  conditions  of  the  strut.  If 
the  lower  end  of  the  strut  IS  fastened  to  a  pod  or  hydrofoil, 
the  overestimate  of  the  cavity  drag  by  two  dimensional  theory 
Is  expected  to  be  small. 


CONCLUPINQ  REMARKS 


Several  families  of  two  dimensional  base  vented  struts 
have  been  derived  which  will  enable  the  strut  designer  to 
select  optimum  strut  sections  for  prescribed  values  of  the 
operating  vapor  cavitation  number,  section  modulus,  strut 
slopes  or  maximiun  thickness  locations.  The  drag  coefficient 
of  these  struts  operating  with  finite  base  cavitation  number 
is  also  presented. 

Since  no  experimental  data  are  presently  available  for 
the  low  drag  struts  discussed  (exceipt  for  parabolic  struts), 
the  designer  must  complement  the  information  presented  In  this 
report  with  experimental  investigation.  Experiment  is  part^ 
icularly  required  to  clarify  the  yaw  sensitivity  of  base  vented 
struts  to  chordwise  ventilation  and  cavitation,  and  for  zero 
yaw,  to  select  chordwise  pressure  distributions  which  will 
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permit  attached  flow  up  to  the  trailing  edge. 

When  derived  low  cavity  drag  struts  are  utilized,  the 
total  strut  drag  may  become  predominantly  skin  friction. 
Therefore,  optimum  strut  configurations  utilizing  Inventive 
devices  to  increase  strut  strength  without  adding  drag 
become  attractive.  The  trailing  edge  annex  operating  within 
the  base  cavity  *hould  therefore  be  cor^ldered  by  the 
designer  as  an  important  method  of  optimizing  a  given  strut 
design . 

A  conparison  of  the  two  dimensional  drag  coefficients 
of  parabolic  struts  operating  at  finite  values  of  the  base 
cavitation  nvunber  with  experimental  data  obtained  on  surface 
piercing,  free-ended,  struts  of  finite  aspect  ratio  reveals 
some  disagreement  between  theory  and  experiment.  However, 
the  Inconsistencies  in  the  con^arlson  do  not  warrant 
definite  conclusions  other  than  the  fact  that  two  dimensional 
cavity  drag  coefficients  will  be  conservative.  In  practical 
applications  where  the  strut  end  is  fastened  to  a  pod  or 
hydrofoil,  the  two  dimensional  theory  should  be  adequate  for 
design  purposes. 
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12.1904 

13.0664 

13.9432 

14.8208 

80 

12.5739 

13.4762 

14.3791 

15.2826 

85 

12.9456 

13.8734 

14.8016 

15.7303 

90 

13.3067 

14.2592 

15.2120 

16.1 650 

95 

13.6579 

14.63^ 

15.6111 

16.5879 

100 

14.0000 

I5.0OOO 

I6.O000 

17.0000 

Vopp 

m 


.1279737 

.0675020 


.1367826 

.0721123 


.1455716 

.0767258 


.  1 542904 

.0812818 


Table  -iia. 


ROOF  TOP  perturbation  ORDINATES 

PERCENT  CHORD 
trailing  edge  SLOPE 


a=0 

a=.l 

a=.2 

a=.3 

x/c 

y/c/a. 

y/c/a 

y/e/o. 

y/c/a 

0 

.0066 

,0000 

.0060  ^ 

.0000 

1 

.0771 

.0360 

.0310 

.0283 

2 

.1973 

.1027 

.0882 

.0805 

3 

.3400 

.1903 

.1630 

.1485 

4 

.4988 

.2957 

.2523 

.2296 

5 

.6705 

.4173 

.3545 

.3222 

10 

1.6604 

1.2574 

1.0332 

.9315 

15 

2.7940 

2.5069 

1.9665 

1.7531 

20 

4.0183 

3-9823 

3.1725 

2.7732 

25 

5.3051 

5.5958 

4.7235 

3.9999 

30 

6.6360 

7.3040 

6.4797 

5.4738 

35 

7.9980 

9.0795 

8.3660 

7.2805 

40 

9.3809 

10.9022 

10.3424 

9.2878 

45 

10.7766 

12.7571 

12.3819 

11.4218 

50 

12.1784 

14.6318 

14.4640 

13.6419 

55 

13.5803 

16.5157 

16.5723 

15.9195 

60 

14.9767 

18.3997 

18.6929 

18.2322 

65 

16.3628 

20. 2754 

20.8136 

20.5615 

70 

17.7336 

22.1348 

22.9232 

22.8909 

19.0843 

23.9700 

25.0107 

25.2052 

80 

20.4096 

25.7731 

27.0654 

27.4895 

85 

21.7041 

27.5353 

29.0758 

29.7287 

90 

22.9609 

24.1713 

29.2465 

31.0287 

31.9056 

95 

30.8933 

32.9071 

33.9985 

100 

25.3193 

32.4524 

34.6814 

35.9707 

*.3989422  -.5250988  -.5773546  -.6174519 

.2206356  -  2989937  .  3394588  .  3762257 


TABie*  Ilb 


ROOF  rop  perturbation  ordinates 
x,y*  PERCENT  CHORD 


m  TRAILING  EDGE  SLOPE 

4*.^  a*. 6 

a=.7 

x/c 

0 

ihh 

.0600 

i 

.0265 

.0251  .0241 

.0232 

2 

.0753 

.0714  .0683 

.0658 

3 

.1388 

.1316  .1259 

.1212 

4 

.2144 

.2032  .19^ 

.1871 

5 

.3007 

. 2849  . 2724 

.  2622 

10 

.8661 

.8185  .7814 

7512 

15 

1.6222 

1.5289  1.4569 

1.3987 

20 

25 

m 

2.3958  2.2782 

3.4122  3.2367 

2.1839 

3.0976 

30 

4.9193 

4.5784  4.3301 

4.1359 

ii 

45 

6.3855 

8.0958 

5.9004  5.5604 

7.3918  6.9337 

9.0775  8.4608 

5.2990 

6.5897 

10.1473 

8.0143 

50 

12.4027 

11.0167  10.1598 

9.5824 

55 

14.7833 

13.3212  12.0621 

11.3090 

60 

17.2451 

15.8384  14.2384 

13.2172 

15.3463 

65 

19.7557 

18.4794  16.8227 

70 

22.2893 

21.1928  19.6333 

17.7854 

24.8229 

23.9395  22.5623 

20.7036 

23.8648 

80 

27.3355 

26.6864  25.5^4 

85 

29.8061 

29.4024  28.5267 

27,1233 

90 

32.2117 

32.0556  31.4598 

34.6083  34.2891 

30.3822 

95 

34.5245 

33.5505 

100 

36.6981 

37.0003  36.9325 

36.5045 

V^a 

m/a 

-.6512555 
.4131 599 

-.6810370  -.7079616 
.4526380  .4972659 

-.7327213 

.5511652 

TABLE  -  llov. 


ROOF  TOP  perturbation  ORDINATES 

PERCENT  CHORD 
m  TRAILING  EDGE  SLOPE 


a=.8 

x/c 

y/c/a, 

y/o/a 

0 

.0000 

.0000  - 

.0000 

1 

.0226 

.0218 

.0212 

2 

.0637 

.0618 

.0602 

3 

.1173 

.1139 

.1109 

6 

5 

.1810 

.2536 

.1711 

.2396 

10 

*7258 

.7061 

.6850 

15 

1.3501 

1.3085 

1.2723 

20 

2.1057 

2.0391 

1.9812 

25 

2.9829 

2.8857 

2.8017 

30 

3.9772 

3.8636 

3.7285 

35 

60 

5.0875 

6.3152 

6.9107 

6.0875 

6.7593 

5.8937 

65 

7.6638 

Z-3762 

Z*’|30 

50 

9.1397 

8.7810 

8.6806 

55 

10.7520 

10.3086 

9.9606 

60 

12.5162 

11.9675 

11.5199 

65 

16.6658 

13.7710 

13.2281 

70 

16.5771 

15.7369 

15.0776 

Z5 

18.9599 

17.8920 

17.0866 

80 

21.7157 

20.2781 

19. 2800 

85 

25.0789 

22.9716 

21.6982 

90 

28.6^6 

26.1687 

26.6092 

95 

100 

32.3013 

35.6817 

30.2565 

36.3665 

27.5581 

31.8309 

-.7557670 

.$230326 


-.7776121 

.7600609 


-.7978865 
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Strut  -  SupercqvitQting  Hydrofoil  Configuroti 


Figure  2- Lineqrizgtion  of  Base  Vented  Strut  Problem 


Figure  10-  Ofie  Term  Modified  Parabolic  Struts 


Figure  ill-  One  Term  Modified  Parabolic  Struts  with  Finite  Cavity  Drag 


Figure  12  -  Comporison  of  One  Term  Struts ,  <r  j  =0>ll 


x/c 


1 3  b^Chprdwitf  Pressure  Distributipn  on  Strut 

Figure  13-  ^oof  Top  Pressure  Distributions 
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X 

C 
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O.O30266 

0.024486 

0.019364 
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0.010308 


0.0049204 


Figure  14-  Roof  Top  Modified  Rgrqbolie  Struts,  Zero  Cavity  Drag 
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Figur€fl5-  Roof  Top  Modified  Porgboiie  Struts  With  Finite  Cavity  Drag,  a  =0.9 


Figure  16-  Comparison  of  Roof  lop  Struts ,  a  =  0.8,0  =J 


fFigure  117-  Cdviity  Drag  Coefficient  versus  Base  Cavitation  Numiber  for  Various  Struts 


Figure  l8«C(ivity  Length  versus  Bose  Cavitation  Numter  for  Various  Struts 
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Figure  19-  Strut  With  Base  Annex 
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